Some recent experimental and theoretical work on 1) charge symmetry-breaking, 2) parity non-conservation, and 3) searches for breaking of time reversal invariance are reviewed. The examples illustrate the uses of symmetry to learn about underlying dynamics and/or structure.
INTRODUCTION
Nuclei are known to be a superb laboratory for studies of symmetries and symmetrybreaking as well as tests of our basic understanding of the physical world. It is easy to change mass, spin, isospin, charge, and other properties of the nuclear target to allow us to probe various aspects of basic theory. Symmetries are particularly useful because they serve to restrict the underlying dynamics, or, if the latter is known, allow a determination of (unknown) structure.
In the time allotted to this talk, it clearly is not possible to discuss all the symmetries useful in low energy physics. I intend to concentrate on charge symmetry, parity, and time reversal symmetries. As we have heard at this conference, there are many more symmetries one can discuss, such as chiral symmetry and those that occur in the standard model. Even within the above restriction, I find it necessary to pick out a * Supported in part by the U.S. Department of Energy sample of the many interesting features.
Charge Symmetry

1
It is well known that hadronic (QCD) forces respect charge independence and charge symmetry at low energies. These symmetries are of particular interest because their violation is small and can be studied both experimentally and theoretically. The violation occurs due to electromagnetic effects and the mass difference of the up and down (d) quarks in the underlying QCD theory. The violation of charge independence is of the order of a few percent. It is readily measurable in low energy nucleon-nucleon scattering, in the energy spacings of isobaric analog states, and many other phenomena. If the off-mass-shell extrapolation is used, then the agreement of theory and experiment at 183 MeV would be absent, but the agreement at 477 MeV would be maintained, as would that at 347 MeV, reported by Van Oers at this conference.
11 What is missing? For instance, it could be effects due to the simultaneous exchange of a π and γ. However, Cohen and Miller 9 and, more recently, Gardiner, Horowitz, and Pickarowicz 10 have
shown that the charge dependence of the ρ and ω couplings to the nucleons also need to be taken into account. Indeed, the latter have used vector dominance and ∆m effects to show that this dependence gives rise to a class IV force of the right magnitude and sign for the difference in n and p analyzing powers in elastic n − p scattering at 183 MeV. How is the symmetry affected by the nuclear medium? We know that the nucleon mass is reduced, even at normal densities to about 3/4 of its isolated value. Does this imply that the constituent quark mass is likewise reduced? Is ρ − ω mixing affected? It is likely that many quantities are affected by being placed in a nuclear medium. The
Nolen-Schiffer effect, the increased mass difference of mirror nuclei over that expected from the n-p mass difference and Coulomb effects has had a number of explanations.
Among them are charge-symmetry-breaking effects, particularly ρ − ω mixing, 12 and a decreased mass difference of the n-p in the nucleus. 13 Both of these effects depend on the effective up and down quark mass difference. Both mechanisms may be effective, and it will be interesting to pursue other charge symmetry-breaking effects in nuclei.
In light nuclei, an example of a charge symmetry test is the forward-backward asymmetry predicted by class IV forces in the reaction np → dπ o .
14
The asymmetry is expected to be ≈ 10 • . 16 However, both the experiment and theory are difficult. These are but two such tests of charge symmetry in nuclei, which undoubtedly will be done more accurately in the future.
Charge symmetry-breaking can also be tested in hypernuclei 1 (see also A. Gal at this conference). So far, only the mass difference of the mirror pair 4 H Λ − 4 He Λ has been determined. 17 It would be interesting to study the A-dependence to see whether there is a Nolen-Schiffer type anomaly here and whether it can be explained due to Λ o − Σ o mixing and/or other (i.e., mesonic) effects.
Charge symmetry does not apply in the weak interactions. However, charge symmetry can be and has been used to test features of the standard model and other symmetries. For instance, the conservation of the weak vector current (CVC) has been tested in the A=12 nuclei to about 6%the same accuracy; here one uses the symmetry of the 8 B and 8 Li to make comparisons to the 8 Be radiative decay. Further, the measurements allow one to limit the magnitude of possible second class currents which violate G-parity and/or time reversal invariance, and could arise due to ∆m. No such currents were seen, with a lower limit which is 1/2 of previous measurements (d II / Ac ∼ < 0.4). 
II. Parity Nonconservation
19
Parity nonconservation (PNC) can be used to test the standard model as well as to obtain structural information. I will give examples of both.
In discussions of PNC in nuclear forces, recent interest has centered on two facets.
The first is to find neutral current effects at low energies; the second is to understand experiments related to compound nuclear formation.
PNC experiments in light nuclei are reasonably well understood. 19 However, neutral current effects have not yet been seen in non-leptonic processes, despite considerable effort. Let me remind you that nuclei allow one to isolate neutral currents. The parityviolating (pv) nuclear forces of interest are isovector in nature. These forces cannot come from the normal charged currents, proportional to cos θ c , where θ c is the Cabibbo angle, but only from strangeness-changing currents (∆S = +1 and -1), proportional to sin θ c ≈ 0.22 and from neutral currents.
Furthermore, the isovector pv nuclear force is carried almost solely by the pion; thus, it is a long-range force. The pv pion-nucleon coupling due to strangeness-changing (charged) currents is reduced by sin 2 θ c , and thus is only f 
Experiments in
is at least a factor of three smaller than the "best" DDH value. 20 Indeed, PNC due to neutral currents has not been observed in nuclei (e.g., 18 F). As we heard at this meeting, 22 QCD sum role calculations predict a f (0) π that, due to a cancellation, is an order of magnitude maller than that given by DDH.
This result agrees with an earlier chiral perturbative result of Kaiser and Meissner.
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If these calculations are correct, then the searches for neutral current effects in low energy nuclear physics are extremely difficult, because the resulting pv-force due to neutral currents is then of the same order of magnitude as that due to the charged (strangeness-changing) current ones, and the latter will mask the former. It is only the difference of f
π , alone, which will signal the presence of neutral currents. It will be quite a while until the accuracy of experiments and theory are up to this challenge. This situation will be made even worse if the nucleon contains strange quarks, as suggested by a number of electron and muon deep inelastic scattering experiments. The effect of strange quarks has been examined by Kaplan and Savage; 24 they could enhance the asymmetry due to the charged current pv force.
In a continuing search for enhanced PNC effects, it was natural to turn to compound nuclear resonances. 25 Epithermal polarized neutron scattering at a compound nuclear P-wave resonance can give enhancements of many orders of magnitude, to the pv asymmetry a
where σ + (σ − ) is the cross section for RH(LH) polarized neutrons. The enhancement arises from a number of causes. If we write
where P is a P wave and S its admixed opposite parity component, a is enhanced by E over its normal value ∼ G F m 2 π by a number of factors. Here G F is the Fermi coupling constant and m π is the pion mass. These factors are: (i) an enhanced transmission factor for S-waves over P-waves, E 1 ∼ 1/kR∼ 10 2 −10 3 , where R is the nuclear radius and k the wave number of the incident neutrons; (ii) a small energy denominator ∆E ≃ E P −E S ≈ In semi-leptonic interactions, atomic PNC measurements and calculations have now reached a level of accuracy of 1%, 27 e.g. in 205 Tl. These experiments depend on a weak axial electronic current and a weak vector current coupling to the nucleus (Fig. 6a) ; the latter is enhanced by nuclear coherence ∼ N, where N is the number of neutrons.
By contrast, the vector electronic current and axial nuclear current (Fig. 6b) is not so enhanced, because the axial current is proportional to the nuclear spin, which is due to one, or at most a few, nucleons. However, in heavy atoms this effect is expected to be masked by the so-called nuclear anapole moment, 28 which has yet to be seen. The nuclear anapole moment is an axial coupling of a photon to the nucleus (Fig. 6c ), which arises from nuclear PNC. It would be interesting to determine whether the predicted masking actually occurs.
The experiments in Tl were just sufficiently accurate to have been able to see the predicted anapole moment, but was not observed. I am sure that further improvements will allow one to test the theoretical calculations and it will be interesting to see this novel effect. It requires nuclei, because for a nucleon or electron gauge invariance precludes its measurement. 29 The effect there is of order G F α, where α is the fine structure constant for gauge invariance. Other diagrams of this order must be included. However, in nuclei the anapole, e.g., due to positive pion exchange currents, is enhanced by at least Z, the nuclear charge. This allows a measurement of this strange coupling of the form 30,31
where M is the nucleon mass, q = p'-p, u is a spinor, and a(0) is the anapole moment.
At higher energies, PNC in electron scattering with polarized electrons can be used to test the standard model and provide information on structure. Let me give an example of the latter. 31 If strange quarks are present in the nucleon, then there are two new and unmeasured form factors for the proton. Of course, some strangeness is expected (∼3%) 32 , but the SMC and SLAC NMC measurements (as well as ν elastic scattering) indicated that there could be as much as a 10-20% polarized ss quarks presence in the proton.
current can be written
If there are no strange quarks present, then CVC guarantees
where κ n and κ p are the neutron and proton anomalous magnetic moments, and θ W is the Weinberg angle. The observed asymmetry comes from an interference of the electromagnetic and weak interactions of the electron and proton. On the other hand, if strange quarks are present, then F
, and
where κ S is a new constant and F S 2 a new form factor.
The reason for the new constant and form factor is that in the structure of the proton, i.e. in hadronic interactions, the s quark is an isoscalar, but in the weak interactions, it has weak isospin = 1/2; this mismatch is not present for u and d quarks, which have the same weak and strong isospins. For the axial current, we have 
related experiment to limit C T is being planned in Seattle. In addition, experiments can be carried out in heavy nuclei with polarized epithermal neutrons. In this case, the same compound nucleus enhancement factors of 10 4 −10 which operate in the PNC experiments should be present. A possible experiment 41 is to search for the (P-odd, T-odd) triple correlation σ · s ×p or the P-even, T-odd correlation σ · s σ · s ×p, wherep is a unit vector along the incident momentum of the polarized neutrons scattered coherently in the forward direction (see Fig. 7 ) from a polarized ( J ) heavy nuclear target, such as 139 La or 232 Th. Although the enhancement is likely to be insufficient to observe a TRI (and P) violation, the effort needs to be and is being made. 41 Furthermore, the accuracy on the limit of θ (see below) could rival that of searches for a neutron dipole moment.
At this time, the most sensitive tests of TRI (and P) violation are searches for electric dipole moments (d E ). The electric dipole moment of the neutron is now known to be 42 ∼ < 8 × 10 −26 e-cm. New efforts to improve the limit are underway in Japan, Russia and at ILL, as reported at this conference. 43 There also have been impressive 8π θG µνG uν , where G is the gluonic field operator andG its dual, these experiments limit θ to θ ∼ < 10 −10 . Why θ should be so small is not known. Progress requires the observation of a non-zero value of a T-odd observable in a system other than K o − K o .
CONCLUDING REMARKS
Symmetries continue to be important in learning about the underlying dynamics (i.e. interactions) and obtaining structural information. In this talk I have given several examples of the usefulness of studying small symmetry-breakings that are of current and future interest. There are many other ones at both low and high energies.
